Transcriptional control: Imprinting insulation  by Wolffe, Alan P.
Dispatch R463
Transcriptional control: Imprinting insulation
Alan P. Wolffe
Recent studies on the transcriptional regulation of two
linked, imprinted genes, Igf2 and H19, have provided
evidence for a novel mechanism of epigenetic control.
DNA methylation controls the activity of an insulator
element located between the two linked genes by
regulating the binding of the zinc-finger protein CTCF.
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The organization of chromosomes into discrete functional
domains is increasingly recognized as a key element in the
regulation of gene expression. This organization can be
imposed by DNA sequences termed insulator elements
that define the boundaries of transcriptionally active
euchromatin and inactive heterochromatin [1]. Insulators
delimit functional domains during development and segre-
gate functionally distinct chromosomal segments in the
phenomenon of parental imprinting. Mammalian embryo-
genesis depends upon the balance of gene activity from
alleles on both parental sets of chromosomes; maternal and
paternal alleles are imprinted during gametogenesis to be
differentially active, dependent on differences in DNA
methylation [2]. Now, two groups of investigators led by
Felsenfeld [3] and Tilghman [4] have found that the activ-
ity of an insulator element located between two linked,
imprinted genes, insulin-like growth factor 2 (Igf2) and H19,
is controlled by DNA methylation [3,4]. At the same time,
the Ohlsson group [5] provides a comprehensive analysis of
insulator chromatin structure on the endogenous chromo-
somes and reconstructs insulator function on episomes.
These observations, together with some impressive in vivo
‘footprinting’ experiments by Szabo et al. [6], provide the
first evidence for the structural foundations of insulator
function and further emphasize the key role of DNA
methylation in the functional specialization of chromatin.
The convergence of studies on insulator function and
imprinting began with the discovery of an insulator
element located at the boundary of the chicken b -globin
locus [7]. This insulator delimits an active chromatin
domain enriched in hyperacetylated histones from the adja-
cent inactive chromatin that is assembled using hypoacety-
lated histones [8,9]. Felsenfeld and colleagues [9] dissected
this insulator to a minimal 42 bp ‘core insulator’ sequence
that was necessary and sufficient to prevent an enhancer
activating a promoter when the insulator was positioned
between them. Using reiterated insulator sequences as a
probe, the investigators used expression cloning to identify
a DNA-binding protein termed CTCF, for CCCTC-
binding factor, that interacted with the core insulator
sequence via a domain containing eleven zinc fingers. Sub-
sequent experiments established that CTCF was quite
promiscuous in recognizing DNA and interacted with all the
vertebrate insulators that were examined in the study [10].
CTCF is an abundant nuclear protein conserved among
vertebrates and can both activate and repress transcrip-
tion [11–13]. A common feature of DNA recognition by
CTCF is a preference for high GC nucleotide content; for
example, in the chicken c-myc gene each of the 50 bp long
CTCF binding sites contains 65–87% GC. The recent
results show that CTCF also recognizes the 21 bp CpG-rich
sequence repeats located within a 2 kb ‘imprinting control
region’ that lies between the Igf2 and H19 genes [3–5]. This
imprinting control region is differentially methylated
between paternal and maternal chromosomes and is a key
regulatory element of the Igf2–H19 locus [14]. Ohlsson
and colleagues [5] show that the 21 bp repeats are hyper-
sensitive to nuclease cleavage in the unmethylated mater-
nal chromosome, indicating that a protein, in this case
CTCF, binds preferentially to this chromosome. Szabo
et al. [6] map the protein–DNA interactions at high resolu-
tion and confirm that protein binding is sensitive to DNA
methylation status; DNA footprints indicative of protein
binding are apparent only on the maternal chromosome.
The Felsenfeld [3] and Tilghman [4] groups show that
methylation of CpG dinucleotides within the imprinting
control region directly prevents CTCF binding in vitro [3,4].
Zinc finger proteins such as CTCF prefer to interact with
the major groove of DNA [12], and presumably the
methyl group attached to cytosine projects into the major
groove of DNA and prevents the zinc finger recognizing
key base pairs in the 21 bp repeated elements [3,4]. 
This methylation-dependent association of CTCF with
the imprinting control region can potentially resolve
much of the mystery that has surrounded the regulation
of the Igf2 and H19 genes. These genes lie in the same
transcriptional orientation, separated by 90 kb, at the
distal end of chromosome 7 in mice (Figure 1). The
maternal copy of the Igf2 gene is normally silent whereas
the paternal copy is active. In contrast, the maternal H19
gene is active and the paternal copy is repressed [2]. The
silent paternal H19 gene is heavily methylated from a
position 6 kb upstream of the promoter, across the 5 ¢
flanking sequence that constitutes the imprinting control
region, and continuing through the gene itself (Figure 1).
This methylation is necessary both for repression of the
H19 gene and for activation of the Igf2 promoter [15].
The imprinting control region that contains the CTCF
binding sites can be defined as a key element determin-
ing differential gene activity; for example, deleting this
2 kb segment allows expression of H19 [14].
At the 3¢ end of the H19 gene is an enhancer that is
required for the transcription of both Igf2 and H19 [2].
Tilghman and colleagues [16] initially proposed that the
Igf2 and H19 genes would compete for the enhancer and
considered the possibility that a stronger H19 promoter
would out-compete the Igf2 promoter on the unmethy-
lated maternal chromosome. In this model, methylation of
the H19 promoter on the paternal chromosome would
silence the H19 gene and release the enhancer to activate
the Igf2 promoter. A series of elegant chromosomal dele-
tions were used to disprove the enhancer competition ele-
ments of this model. Targeted deletion of the H19
promoter and open-reading frame did not prevent Igf2 gene
silencing in the maternal chromosome [17]. In addition,
repositioning and multimerization of the enhancer could
eliminate silencing of the Igf2 promoter, but multimerized
enhancers did not work when the H19 promoter was posi-
tioned between the enhancers and the Igf2 gene [18]. This
established that the precise location of the enhancer rela-
tive to the two genes, and not the strength of the enhancer,
was essential for imprinting. It was proposed that an insula-
tor or boundary element existed in the imprinting control
region between the Igf2 and H19 genes and functioned
selectively on the maternal chromosomes [18]. This pro-
posal is confirmed in the recent experiments, where
methylation-dependent loss of insulator action is con-
nected to the failure of CTCF to bind methylated DNA at
the imprinting control region [3,4].
When the imprinting control region within the Igf2–H19
locus is unmethylated, as found on maternal chromosomes,
CTCF binds to the insulator element between the two
genes. The insulator–CTCF complex acts to block the Igf2
gene from the enhancer that is positioned 3¢ of H19. As a
consequence, only the H19 gene is active (Figure 1). When
the imprinting control region and the H19 gene are methy-
lated, as found on paternal chromosomes, several events
occur. CTCF fails to bind to the insulator and so the 3¢
enhancer can activate the Igf2 promoter [4,7]. Also, the H19
promoter and flanking sequences are silenced by methyla-
tion, potentially via the assembly of specialized repressive
chromatin [5,19–22]. Methylated DNA is known to recruit
methyl CpG binding proteins that interact with histone
deacetylase, which modifies the histones and directs the
dominant silencing of genes [22]. 
The Ohlsson lab make an important additional advance in
manipulating this system by establishing that it is possible
to assemble the same structural features of the endogenous
unmethylated maternal chromosomal copy of the insulator
on an episomal-based H19 mini-locus [5]. The specialized
chromatin structure assembled on these episomal
sequences includes not only the nuclease-hypersensitive
sites in the 21 bp repeats, but also the positioned nucleo-
somes that flank these repeats. The authors are then able
to manipulate the insulator to unequivocally demonstrate
that it has no intrinsic gene silencing or activation proper-
ties. Instead, the insulator unidirectionally inhibits an
enhancer activating a promoter. As an example, the authors
use the strong SV40 enhancer which would normally acti-
vate the H19 promoter more than 200-fold. The insulator
has the impressive ability to prevent activation of the pro-
moter by this strong enhancer.
The significance of the new results lies in the regulation
of the functional properties of the Igf2–H19 locus by
DNA methylation. Both the transcription of the H19
gene and the activity of the insulator are controlled by
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Figure 1
Regulated insulator activity in the Igf2–H19 locus. (a) The Igf2 and
H19 genes are indicated on the 90 kb locus, with the hooked arrows
indicating the start site and direction of transcription of each gene. The
relative positions of the insulator (at the imprinting control region) and
the enhancer are shown. (b) In the maternal unmethylated locus, CTCF
can bind to the insulator and prevent the 3¢ enhancer from activating
the Igf2 promoter. The enhancer can still efficiently activate the
unmethylated H19 promoter. (c) In the paternal methylated locus,
CTCF can no longer bind to the insulator because the DNA is
methylated (indicated by ‘Me’) and insulator activity is lost. In addition,
methylation of the H19 gene sequence represses transcription directly.
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methylation patterns that are parent-of-origin specific.
The elaborate connections between DNA methylation
and chromatin structure are becoming increasingly
apparent [21], and the observations of Tilghman, Felsen-
feld and colleagues provide an exceptionally clear
example — functional domains of chromatin are estab-
lished by methylation of an insulator element. Neverthe-
less, much remains to be resolved; key aspects of the
model need to be tested by further analysis of methylation-
dependent chromatin organization in vivo; this can most
easily be investigated by using the episomal system [5].
How do the CTCF sites contribute to the assembly of a
specialized chromatin structure? What other proteins are
selectively recruited to enable an insulator to function?
The contrast between maternal and paternal chromo-
somes provides a wonderfully controlled system in which
to explore these issues.
One current model for insulator function is that the insula-
tor retargets or sequesters the transcriptional coactivators
or corepressors that control genes. Retargeting and
sequestration might establish a futile cycle whereby acety-
lation and deacetylation of proteins could occur continu-
ally without any functional consequence. This idea is
supported by the observation that insulator-binding pro-
teins like vertebrate CTCF [11–13] and the Drosophila
suppressor of hairy wing, su(Hw), protein [1] regulate
gene expression in other contexts. Likewise, well-known
insulators like the Drosophila special chromatin structures
(scs) elements can also function as promoters [23], and
even in the relatively simple chromosomes of Saccha-
romyces cerevisiae, tRNA gene promoters serve to delineate
regions of active and inactive chromatin [24]. An alterna-
tive hypothesis is that insulators act to prevent the track-
ing or spreading of activating or repressing proteins that
recognize and organize the chromatin infrastructure towards
transcriptional activity or repression [1,25]. The in vivo
reconstruction of chromatin domains and insulator action
might allow this possibility to be tested. The final set of
models involves a function for insulators in the selective
compartmentalization of chromosomal domains towards fac-
tories that activate or repress transcription [1,26]. Insulators
might impede such compartmentalization either by
keeping the chromosomal domain away from such a site,
or by preventing the ‘reeling-in’ of chromatin into a
factory complex. None of these mechanisms for insulator
function is exclusive and the Igf2–H19 imprinting system
should contribute much towards answering the important
questions that remain.
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